Background. The pathogenic effects of Clostridium difficile are primarily attributable to the production of the large protein toxins (C difficile toxins [Tcd]) A (TcdA) and B (TcdB). These toxins monoglucosylate Rho GTPases in the cytosol of host cells, causing destruction of the actin cytoskeleton with cytotoxic effects. Low human serum albumin (HSA) levels indicate a higher risk of acquiring and developing a severe C difficile infection (CDI) and are associated with recurrent and fatal disease.
and TcdB (270 kDa) were from Enzo Life Science (Farmingdale, NY). Recombinant TcdA and TcdB (strain VPI 10463) were expressed in Bacillus megaterium (strain WH320; MoBiTec, Göttingen, Germany). For details, see Supplementary Data.
Intoxication of Human Epithelial Colorectal Adenocarcinoma Cells
For the (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay [12] , Caco-2 monolayers were placed in serumfree medium and treated for 24 hours with 8 and 16 μg/mL commercial toxins and/or 3.3 and 6.6 mg/mL HSA. For details, see Supplementary Data. To evaluate cells rounding [13] , cells were preincubated for 1 hour with 6.6 mg/mL HSA, washed, and then treated with 16 ng/mL recombinant toxins.
Transepithelial Electrical Resistance Measurements
HSA (6.6 mg/mL) and 2 ng/mL recombinant toxins were added apically to confluent cells. Transepithelial electrical resistance (TEER) measurements were performed as described elsewhere [14] .
In Vivo Intoxication Experiments Using the Zebrafish Clostridium difficile Model
Experiments performed with zebrafish conformed to the Italian guidelines (Dgl 26/2014), in accordance with European Union legislation (2010/63/UE). The Ethics Committee for animal experimentation of the University of Trieste approved the experimental protocols (no. PO3118ZEN16). Embyos were microinjected with 0.5 mg/mL HSA, and then 8 µg/mL commercial TcdB was added to the medium and incubated for 24 hours at 28.5°C [15] . For experimental details, see [15] and Supplementary Data.
Intoxication of Stem Cell-Derived Human Intestinal Organoids
Induced human intestinal organoids were derived from plugged human hair from a healthy donor [16] . Organoids were incubated for 4 hours at 37°C with 16 ng/mL recombinant TcdATcdB mixture and/or 6.6 mg/mL HSA. For experimental details, see Supplementary Data.
Western Blot
Caco-2 cell monolayers were exposed to 2 μg/mL commercial toxins for 24 hours in the absence or presence of 3.3 and 6.6 mg/ mL HSA. Immunoblots were performed as described elsewhere [12] . For details, see Supplementary Data.
Native Gel Electrophoresis and Immunoblot
Commercial TcdB (1 μg) was incubated for 20 minutes at 37°C in 50 mM HEPES pH 7.4 in the absence or presence of 1 μg of HSA. Alternatively, commercial 2.8 × 10 -7 M TcdB was incubated for 1 hour at 37°C in HEPES buffer and 1 μM inositol hexakisphosphate (InsP 6 ) (Sigma-Aldrich) in the absence or presence of 5.6 × 10 -7 M HSA. Gels were either stained with silver nitrate or used for immunoblotting.
Mass Spectrometry Analysis
Reduction, carbamidomethylation, and enzymatic reactions were performed as previously described [17] . The peptide mixtures were characterized using the EASY-nLC II chromatographic separation system coupled with an LTQ-Orbitrap-XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA). For details, see Supplementary Data.
Binding Assay
The formation of the HSA-toxin complexes was monitored spectrofluorimetrically between 300 and 400 nm using an excitation wavelength of 280 mm. For details, see Supplementary Data.
Structural Model of Clostridium difficile Toxin B and Protein-Protein

Docking
The TcdB amino acid sequence (AGG91641.1) and the TcdA (Protein Data Bank Identification: 4R04) and HSA 3-dimensional structures were used for bioinformatic analyses. For detail, see Supplementary Data.
Data Analysis
Results are shown as the mean ± standard deviations (SDs) derived minimally from 3 independent experiments. For details, see Supplementary Data.
RESULTS
Human Serum Albumin Rescues Human Epithelial Colorectal Adenocarcinoma Caco-2 Cells From Intoxication With TcdB and With a
TcdA-TcdB Mixture
TcdB has been reported to be more cytotoxic than TcdA in human intestinal Caco-2 cells [18, 19] , whereas TcdA appears to facilitate the translocation of TcdB from the gut into submucosal areas, where it may play a role in inducing inflammatory damage [18] . These findings explain the more severe phenotype observed when Caco-2 cells are treated with a combination of TcdA and TcdB (present data; [18] ). To analyze the effect of HSA on C difficile-induced intoxication, we treated confluent Caco-2 cells (placed in serum-free medium) with either TcdB or a TcdA-TcdB mixture in the presence of tolerated doses of HSA (Supplementary Figure S1A) . As expected, the TcdB treatment caused a cell viability of 41% (P < .001) and 36% (P < .001) after exposure to 8 and 16 μg/mL, respectively, compared with that in TcdB-untreated cells ( Figure 1A ). Upon pretreatment with 3.3 or 6.6 mg/mL HSA and the subsequent exposure to 8 μg/mL TcdB, cell viability significantly increased up to 83% and 85%, respectively, compared with that in HSA-untreated cells exposed to TcdB (P < .001). Upon pretreatment with 3.3 or 6.6 mg/mL HSA and a subsequent exposure to 16 μg/mL TcdB, cell viability increased to 80% and 86%, respectively, compared with that in HSA-untreated cells exposed to TcdB (P < .001) ( Figure 1A ). These results indicate that HSA doubled the percentage of cell survival upon Caco-2 intoxication with TcdB. The preincubation of TcdB with HSA for 1 hour at 37°C before treating Caco-2 cells (Supplementary Figure S2A) did not result in significant differences from the data obtained treating cells with HSA 1 hour before intoxication ( Figure 1A ). This finding indicated that the HSA-TcdB direct interaction influences toxicity. Student's t test: *, P < .05, **, P < .01, and ***, P < .001 compared with the control in the absence of HSA; °, P < .05 compared with cells treated with 8 μg/mL toxin(s) in the absence of HSA; °°, P < .01 compared with cells treated with 16 μg/mL toxin(s) in the absence of HSA; °°°, P < .001 compared with cells treated with either 8 μg/mL or 16 μg/mL toxin(s) in the absence of HSA). Images show the morphologies of Caco-2 cells that were untreated or pretreated with HSA and then exposed to C difficile toxin(s). Images were acquired using a Leica microscope (Leica Microsystems, Heidelberg, Germany); magnification, ×20. (C) Human Caco-2 cells were grown to confluence. Then, cells were either left untreated (control, which is the same in the upper and lower panel), treated with toxin (TcdB or TcdA-TcdB), or treated with toxin and HSA (TcdB + HSA or TcdA-TcdB + HSA). When HSA was -present, cells were preincubated for 1 hour with 6.6 mg/mL HSA. Due to the high sensitivity of transepithelial electrical resistance (TEER) measurements, low toxin concentrations (2 ng/mL TcdB or 2 ng/mL TcdB plus 2 ng/mL TcdA) were chosen. The TEER was measured at the indicated time points. Raw resistance data, transformed into unit area resistance by subtracting background resistance, were multiplied by the surface area (0.3 cm 2 ). Values are given as the means ± SD (n = 3). Student's t test; *, P < .05 and **, P < .01 compared with cells treated with toxin(s) alone and treated with toxin(s) in the presence of HSA. (D) Stem cell-derived intestinal organoids were incubated with TcdA-TcdB in the absence or presence of HSA for 4 hours at 37°C, and untreated organoids served as controls. Miniguts were fixed in the wells and frozen sections were prepared. Samples were then incubated with an anti-E-cadherin antibody, followed by incubation with a fluorescently labeled secondary antibody. (Top Panel) Representative images of the morphologies of human intestinal organoids after incubation with TcdA-TcdB in the absence or presence of HSA; E-cadherin was stained with a fluorescence-labeled secondary antibody (red), and nuclei were stained with 4',6-diamidino-2-phenylindole ([DAPI] blue). Bar = 50 µm. (Bottom Panel) The quantitative analysis of E-cadherin expression in crypt structures, and the classification of crypts were performed using the following classification: those with clear cell borders and well definable lumina were defined as "good"; those having a partial organized E-cadherin structure or an easily definable lumen were defined as "intermediate"; and those displaying a strongly disorganized E-cadherin structure with a ragged and difficult to identify lumen were defined as "destroyed". Every definable crypt was counted and assigned to one of these categories blinded. Images, acquired by the ApoTome Axio Z1 imager microscope (Carl Zeiss, Oberkochen, Germany), were derived from 2 independent experiments with at least 8 pictures per sample. Values are given as the means ± SD (n = 2). Student's t test; *, P < .05 compared with cells treated with toxin(s) only.
Similarly, Caco-2 cells treated with the TcdA-TcdB mixture showed a significant reduction in cell survival (49%) compared with that of controls (P < .01 at 8 μg/mL; P < .001 at 16 μg/mL) and exhibited more damage than cells treated with TcdB alone ( Figure 1B ). However, when cells were pretreated with 3.3 mg/mL HSA and subsequently exposed to 8 and 16 μg/mL TcdA-TcdB mixture, cell viability was significantly increased by ∼64% (P < .05) compared with that of TcdA-TcdB-treated cells (1.3-fold increase). The percentage of viable cells significantly increased to 88% in Caco-2 cells pretreated with 6.6 mg/mL of HSA and then exposed to 8 μg/mL (P < .05) or 16 μg/mL (P < .01) TcdA-TcdB (2-fold increase) ( Figure 1B) .
The results obtained after treating Caco-2 cells for 48 hours with either TcdB or TcdA-TcdB (Supplementary Figure S2B) in the presence of HSA confirmed its protective role towards C. difficile-induced intoxication. Remarkably, incubation of Caco-2 cells in serum-free medium for 24 and 48 hours did not affect cell viability (Supplementary Figure S1 ).
Human Serum Albumin Is Able to Protect Confluent Caco-2 Epithelium From Toxin-Induced Disruption
The TEER measurements were performed using a confluent monolayer of Caco-2 cells mimicking the intestinal epithelium. The decrease in TEER values after exposure to either TcdB ( Figure 1C The findings in Caco-2 cells were verified in stem cell-derived induced human intestinal organoids [16] . According to previous data [20] , visible and severe alterations have been observed in organoids upon exposure to a TcdA-TcdB mixture. In particular, disruption of the epithelial barrier (as measured by an abnormal distribution of E-cadherin, a regulator of epithelial morphology and intestinal barrier function) was observed in toxin-treated miniguts, whereas untreated organoids displayed a normal epithelial barrier ( Figure 1D ). The toxic effect on intestinal crypts was diminished by the addition of HSA, as indicated by the increased number of healthy crypts, similar to the controls ( Figure 1D , bottom panel). It is notable that HSA alone had no effect on the morphology of the intestinal organoids ( Figure 1D ).
The ability of HSA to counteract C difficile intoxication was confirmed in vivo using zebrafish embryos, a widely accepted model for the study of infectious diseases [15, 21] . Embryonic infection with the TcdA-TcdB mixture resulted in the death of all treated animals, even at low toxin concentrations (data not shown). Zebrafish embryos exposed to 8 µg/ mL TcdB for 24 and 48 hours displayed significantly lower survival rates than vehicle-treated embryos, and toxic effects on embryo development, heart function, and the circulatory system were observed (Figure 2 ). Kaplan-Meier curves for the zebrafish embryos exposed to TcdB for 24 or 48 hours showed a 45% survival rate, in contrast to the 65% survival rate observed in animals pretreated with HSA before TcdB exposure (P < .0001). Both the vehicle and the HSA injection alone did not affect embryo survival (95%) (Figure 2A ). The TcdB-treated embryos showed a 17% decrease in heart rate (expressed as the number of beats per minute [bpm]) compared with that of vehicle-treated animals, whereas embryos exposed to both TcdB and HSA displayed a significant increase in heart rate compared with that of TcdB-treated embryos (P < .01 and P < .05 at 24 and 48 hours, respectively; Figure 2B , left panel). Moreover, embryos exposed to TcdB showed an ~30% increase in pericardial area compared with that of controls and of embryos treated with both TcdB and HSA (P < .01 and P < .05 at 24 and 48 hours, respectively; Figure 2B , right panel). Intracranial hemorrhaging and severe vascular impairments in the tail region were observed in 38% and 50% of TcdB-treated animals after 24 and 48 hours, respectively. HSA pretreatment reduced this percentage to a normal value of 10% (P < .05 at 24 and 48 hours compared with TcdB-treated animals) ( Figure 2C and D) . Because albumin is not expressed in zebrafish [22] , the HSA-dependent protective effects observed here are directly attributable to the exogenous HSA.
Human Serum Albumin Reduces the Toxin-Induced Glucosylation of Rho GTPase Substrates in Caco-2 Cells
The analysis of the toxin-catalyzed modification of human Rac1 is a well established method for monitoring the glucosyltransferase activity of TcdA and TcdB in the cytosol of host cells [23] [24] [25] . Indeed, once in the host cytosol, the toxins undergo Insp 6 -dependent autocatalytic cleavage with the consequent release and activation of their glucosyltransferase domain (GTD) [10] . We analyzed the glucosylation status of Rac1 in cells treated with TcdB or the TcdA-TcdB mixture in the absence and presence of HSA ( Figure 3A) . The levels of nonglucosylated Rac1 were significantly reduced in cells treated with either TcdB (∼3.3-fold, P < .01) or TcdA-TcdB mixture (∼2.7-fold, P < .05) compared with control levels. In contrast, cells pretreated with HSA before toxin exposure showed similar levels of nonglucosylated Rac1 as controls. These data indicated that the cytosolic TcdA and TcdB enzymatic activities in infected host cells were reduced in the presence of HSA, resulting in low levels of intracellular nonglucosylated proteins [22] .
Human Serum Albumin Binds TcdB Outside the Cells and Prevents Its Internalization
Cellular levels of TcdB and HSA were measured to determine whether the protective effect of HSA was due to the extracellular sequestration of TcdA and TcdB or to inhibition of their intracellular activity ( Figure 3B ). High levels of TcdB were observed in Caco-2 cells treated with either TcdB or the TcdA-TcdB mixture, suggesting that TcdB was internalized by the host cells in the absence of HSA. However, when cells were pretreated with HSA, 6-(P < .001) and 2-fold (P < .01) reduction in TcdB levels were observed in cells exposed to TcdB or the TcdA-TcdB mixture, respectively. Moreover, HSA internalization was also reduced in cells pretreated with HSA before TcdB or TcdA-TcdB exposure. Indeed, 2-and 1.6-fold reductions (P < .001) were measured in cell-associated HSA levels compared with those of cells that were treated with TcdB or the TcdA-TcdB mixture alone, respectively.
To further evaluate whether the interaction between toxin(s) and HSA occurs at the extracellular or intracellular level, Caco-2 cells were incubated for 1 hour in a medium containing 6.6 mg/mL HSA, which was then removed and replaced with fresh medium containing 16 ng/mL of either TcdB or TcdATcdB mixture. In parallel, the toxin(s) were applied to cells that still had HSA in the medium. We observed that the simultaneous presence in the medium of both HSA and C difficile toxin(s) was crucial for their HSA-dependent neutralization ( Figure 3C ), because the percentage of rounded cells was significantly reduced (P < .05 for TcdB; P < .01 for TcdA-TcdB) compared with that of cells in which HSA was removed before toxin addition to the medium. This result indicated the following: (1) the presence of either TcdB or TcdA-TcdB mixture in the medium caused reduced internalization of HSA compared with that in cells treated only with HSA; (2) the presence of Figure 3 . Human serum albumin (HSA) binds Clostridium difficile toxin B(TcdB) outside the cell and prevents its internalization. (A) Caco-2 cells were preincubated with HSA for 1 hour and subsequently treated with either TcdB or the TcdA-TcdB mixture for 2 hours. Nonglucosylated Rac1 levels were detected by immunoblotting with an anti-Rac1 antibody, and actin was used as a loading control. The graph shows the mean nonglucosylated Rac1 levels derived from three independent experiments normalized to actin, ±standard deviation (SD) (Student's t test; *, P < .05 and **, P < .01 compared with the control, untreated cells). (B) Immunoblot analysis of intracellular TcdB and HSA levels in Caco-2 cells. Cells were either untreated or pretreated with HSA for 1 hour and subsequently exposed to TcdB or the TcdA-TcdB mixture for 2 hours. Immunoblots were performed using anti-TcdB, anti-HSA, and antivinculin antibodies. Blots are representative of the results obtained, and quantitative data represent the mean values from 3 independent experiments normalized to vinculin ± SD (Student's t test; ***, P < .001 compared with the relative control; °°, P < .01 and °°°, P < .001 compared with cells treated with HSA but not C difficile toxins). (C) Caco-2 cells were preincubated with 6.6 mg/mL HSA for 1 hour, washed 3 times to remove the HSA, and treated with either 16 ng/mL TcdB or TcdA-TcdB mixture. As a negative control, cells were left untreated. For the HSA control, cells were preincubated with 6.6 mg/mL has, and the toxins (either TcdB alone or TcdA-TcdB) were added in the presence of HSA. After 2.5 hours, the number of rounded cells was determined. The values are given as the means ± SD (n = 3). Student's t test; *, P < .05 and **, P < .01 compared with cells treated with toxin(s) only.
HSA in the medium is required for reducing internalization; and (3) the HSA-toxin interaction occurs outside the cell.
Human Serum Albumin Binds TcdA and TcdB
The observed protective effects of HSA on C difficile-induced host cell damage in vitro and in vivo were achieved due to the ability of HSA to bind TcdA and TcdB in a noncooperative, saturating, and dose-dependent manner ( Figure 4A ). Indeed, the K d values for TcdA and TcdB binding to HSA were 0.24 ± 0.04 and 0.44 ± 0.12 nM, respectively. It is notable that the toxin fluorescence decreased as the HSA concentration increased, suggesting that HSA binding induced a conformational change in the toxin structure.
The electrophoretic migration of TcdB, HSA, and the HSATcdB mixture was evaluated using native polyacrylamide gel electrophoresis (PAGE) to assess the formation of the HSA-TcdB complex ( Figure 4B ). As expected, in addition to its monomeric form, TcdB formed a dimer in solution [26] , whereas HSA showed its characteristic pattern of multiple bands [27] . The hybridization of the filter with anti-TcdB and anti-HSA antibodies revealed overlapping signals in the HSA-TcdB mixture (red line). A shift in the electrophoretic mobility of HSA was observed in this mixture, as indicated by the hybridization of the filter with the anti-HSA antibody. A fourth band was present in the HSA-TcdB mixture at a level corresponding to the TcdB monomer, as shown in both the silver-stained native gel and the Western blot.
Prediction of TcdA-HSA and TcdB-HSA Binding Region
Molecular docking studies were performed to predict the HSATcdA and HSA-TcdB recognition regions. HSA is an all-α-helical protein containing 9 fatty acid (FA) binding sites (named FA1 to FA9), which display considerable topological differences and ligand affinity [28] . TcdA and TcdB share common enzymatic activities and a multimodular domain structure [29, 30] ( Figure 4C ): region A is located at the N-terminus and contains a 63-kDa GTD responsible for the glucosylation of host GTPases; region B is located at the C-terminus and consists of combined repeated oligopeptides (CROPs) that form the receptor-binding domain (RBD); region C corresponds to a cysteine protease domain (CPD) that promotes the autocatalytic cleavage of the toxins; and region D, also termed the delivery domain (DD), is involved in the translocation of the toxins into the cytosol and their binding to target cells. It is notable that the CROP domain extends from the base of the CPD and interacts with the DD domain, protecting C difficile toxins from autoproteolysis [30] . Our docking analyses predicted an interaction between the hydrophobic portions of the DD domains of both TcdA and TcdB and domain II of HSA ( Figure 4C ). Both complexes may be stabilized by hydrogen bonds and electrostatic interactions. It is interesting to note that the regions of both toxins that were predicted to interact with HSA are responsible for the interaction between the RBD (containing the CROP region) and the DD domains, which regulates toxin autoproteolysis [30] . In fact, once bound to the host receptor, the toxin-receptor complex enters the cell through endocytosis, and endosomal acidification is required for toxin translocation into the host cytosol [31] . Both endosomal acidification and binding of host InsP 6 to the toxins allow the allosteric activation of the CPD due to the exposure of hydrophobic regions located within the DD [25, 32] . Consequently, the GTD is released into the host cytosol and promotes the glucosylation of host Rho GTPases [33] .
The autocatalytic cleavage of C difficile toxins can be simulated in vitro [25] . In the absence of dithiothreitol (DTT), InsP 6 alone is able to cause toxin cleavage only at concentrations at least 16-fold higher (ie, 2 μM) than those used in the presence of DTT [25] . To mimic physiological cellular conditions, we evaluated TcdB cleavage using a buffer containing suboptimal concentration of InsP 6 (ie, 1 μM) and lacking DTT. This buffer composition was not sufficient to induce TcdB cleavage at either pH 7.4 ( Figure 4D ) or pH 5.0 (Supplementary Figure S3) , indicating that the acidification of the milieu is necessary but not sufficient to induce toxin cleavage in the absence of DTT. Thus, we evaluated whether HSA was able to modulate the InsP 6 -dependent autocatalytic cleavage of TcdB ( Figure 4D, Supplementary Figure S3) . The results obtained showed that HSA enhanced InsP 6 -dependent TcdB autoproteolysis, resulting in the release of the N-terminal GTD to a similar extent as 2 mM DTT (Supplementary Figure S3) . A ∼60-kDa TcdB fragment appeared in the sample containing TcdB and a suboptimal concentration of InsP 6 (ie, 1 μM) at pH 7.4, and higher levels were observed in the sample containing TcdB, InsP 6 , and HSA at pH 7.4 ( Figure 4D) . A suboptimal concentration of InsP 6 was chosen to highlight the role of HSA in InsP 6 -dependent autoproteolytic cleavage of TcdB, which is promoted by InsP 6 concentrations ranging from 2 to 100 μM [25, 32] . Mass spectrometry analysis of this fragment indicated that it corresponds to the N-terminal region of TcdB (band C4; Supplementary Figures S4 and S5 ; Supplementary Table S2) . Therefore, upon HSA binding, TcdB undergoes a conformational change at physiological pH, resulting in the InsP 6 -dependent autoproteolytic cleavage in extracellular environments where InsP 6 is present [34] . It is notable that the mass spectrometry analysis confirmed the presence of both TcdB and HSA in the highest-molecular-weight band (eg, bands C1 and C2; Supplementary Figures S4 and S5 ; Supplementary Table S2) that was not dissociated by SDS-PAGE denaturing conditions and heating [35, 36] .
DISCUSSION
In recent years, many studies have demonstrated a significant association between low serum HSA levels and CDI development, thus strengthening the hypothesis that hypoalbuminemia predisposes patients to CDI and, in turn, CDI aggravates hypoalbuminemia, generating an autosustained vicious cycle (see references in Supplementary Table S1 ). However, the mechanism by which hypoalbuminemia promotes a more severe form of CDI is not yet understood. In this study, we report for the first time that HSA acts as a self-defense mechanism against C difficile toxin-dependent infection.
Our results demonstrate that HSA reduces the cytotoxic and cytopathic effects of TcdB and the TcdA-TcdB mixture on Caco-2 cells in a dose-dependent manner. This protective effect of HSA has also been demonstrated using the stem cell-derived human intestinal organoid model. The C difficile toxins cause a loss of the epithelial barrier in human miniguts and the disorganization of E-cadherin, which is a regulator of epithelial morphology and intestinal barrier function [20] . Accordingly, HSA reduced TcdA-TcdB-induced changes in the integrity and structure of the intestinal organoid, protecting intestinal crypts from toxin-dependent damage. Our results showed that HSA inhibits toxin internalization, reducing the free intracellular toxin levels. Indeed, when Caco-2 cells were treated with TcdB or with TcdA-TcdB mixture in the presence of HSA, the toxin-dependent glucosylation of Rac1 [25] was significantly reduced, thus supporting the capability of HSA to rescue cells from intoxication. The ability of HSA to counteract C difficile intoxication has finally been confirmed in vivo using zebrafish embryos. HSA pretreatment increased the survival rate of TcdB-treated zebrafish embryos (65% versus 45%) and significantly reduced extraintestinal TcdB-induced effects, such as cardiotoxicity, intracranial hemorrhaging, and severe vascular impairments in the tail region.
The protective effects of HSA on C difficile-induced host cell damage, both in vitro and in vivo, are due to the capability of HSA to bind TcdA and TcdB. The similar affinity of toxins for HSA reflects the fact that they share the common ABCD modular structure, with 47% sequence identity and 66% sequence similarity [10, 29, 30] . Our docking analyses predicted that domain II of HSA interacts with hydrophobic portions of the DD domain of C difficile toxins, specifically the region between the RBD (containing the CROP region) and the DD domains. HSA binding to the DD domain of TcdB may cause the displacement of the CROP region, enhancing InsP 6 binding to CPD [30, 37] . In turn, this leads to the toxin autoproteolysis, the release of GTD from the toxin, and the inhibition of toxin internalization in Caco-2 cells in miniguts and zebrafish embryos.
CONCLUSIONS
In addition to their intestinal effects, C difficile toxins contribute to extraintestinal complications of CDI, including ascites, pleural effusion, cardiopulmonary arrest, hepatic abscess, acute respiratory distress syndrome, and renal failure [38] [39] [40] [41] . Thus, given the potential role of C difficile toxins in the development of systemic CDI complications [10] , HSA may act as a buffer that can partially neutralize the toxins that reach the bloodstream after being produced in the colon. If this buffer is inadequate (ie, in patients with hypoalbuminemia), the fraction of toxins that can be neutralized is decreased. Therefore, greater pathogenic effects are expected, thus in part explaining the increased clinical severity and poor outcomes associated with CDI in patients with hypoalbuminemia ( Figure 5 ).
